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Local, post-transcriptional modifications can have pronounced effects on the global energy
landscape of RNA molecules. We have studied the equilibrium between discrete conformational
states in human mitochondrial lysine transfer RNA (mt tRNALys) by using single-molecule
Fo¨rster (or fluorescence) resonance energy transfer (smFRET) spectroscopy. From histograms
of the FRET efficiency, an unfolded structure (U), a non-functional, extended hairpin struc-
ture (E) and the functional cloverleaf form (C) of human mt tRNALys can be distinguished.
The equilibria between the U, E, and C states were characterized as a function of Mg2+ con-
centration for two RNA constructs that only differ by a single methyl group modification of a
nucleotide base. A thermodynamic model was developed which is based on the separation of
conformational changes and binding of divalent cations. Based on this model, the impact of a
single methyl group modification on the energy landscape of tRNALys was assessed.
1 Introduction
Proteins and ribonucleic acids (RNAs) are linear polymers that can fold into compact
three-dimensional structures, in which they are able to perform specific roles in biolog-
ical processes within living cells or organisms. Finding the correctly folded structure is
an extraordinarily complex process that has yet to be solved by in-silico modeling ap-
proaches, although significant progress has been made over the years1. The key problem
for computation is the vast conformational space of even moderately sized biopolymers2.
The conformational energy landscape has provided a conceptual framework by which to
describe both protein folding and function3. Protein folding is visualized by a transition
of the molecular ensemble on the energy landscape via many parallel trajectories and lo-
cal minima en route to the folded-state ensemble. Folding of proteins and RNA is overall
governed by the same principles; yet there are differences arising from the nature of the
interactions introduced by the monomeric units. A distinct difference, however, is the hi-
erarchical nature of RNA folding that originates from the pronounced base pairing leading
to the formation of relatively stable secondary structures4.
Frequently, post-transcriptional chemical modifications of ribonucleotides are ob-
served which only slightly change the energy landscape to selectively stabilize the native
conformation5. Here we present an exception, human mitochondrial (mt) lysine trans-
fer RNA (tRNALys), in which a single methylation on adenosine 9 (m1A9) in its struc-
tural core was seen to cause a marked shift of the thermodynamic equilibrium toward
the functional form of the RNA molecule5, 6. We have studied this biologically important
modification by using single-molecule Fo¨rster (or fluorescence) resonance energy transfer
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(smFRET), a technique that allows conformational changes of biomolecules to be visu-
alized under equilibrium conditions in real time7. It relies on the ability of a fluorescent
dye (donor) to transfer its energy non-radiatively to another fluorescent dye (acceptor) that
typically absorbs at longer wavelengths. By attaching such a FRET pair of dyes specifi-
cally to the structure of interest, the strong distance dependence (R−6) of the effect enables
distance changes down to 1 A˚ to be measured. Such quantitative experimental data are ex-
pected to be most useful in the development of both theories and computational modelling
approaches.
2 FRET Measurements
Two suggested secondary structures of tRNALys, the non-functional extended hairpin (E)
and the functional cloverleaf-based L-shape (C) conformations, are presented in Fig. 1a.
To observe the conformational changes between E and C, induced by the methylation
of adenosine 9 (A9), two FRET constructs with the unmodified (Kwt) and the modified
(Km1A) sequences were prepared6. The presence of multiple conformations in the FRET-
labeled RNA constructs was investigated by smFRET experiments on freely diffusing and
surface-immobilized molecules using a confocal microscope. In these experiments, the
efficiency of FRET, E = IAIA+γID , is calculated ratiometrically from the donor (ID) and(IA) acceptor fluorescence photon counts, and the parameter γ accounts for differences in
the donor and acceptor quantum yields and the detection efficiencies. RNA is a polyan-
ion, carrying one unit of charge on each nucleotide, and the Coulomb repulsion must be
screened by counterions, which may bind in specific locations or just form a diffuse cloud,
to stabilize the functionally competent states. Variation of the counterion concentration is
a useful experimental control parameter to shift equilibria between different structures in
the energy landscape. We have measured histograms of the FRET efficiency at 16 different
Mg2+ concentrations, which can be described by superpositions of three FRET efficiency
distributions peaking at low, intermediate and high FRET values. Based on the proposed
structural model for tRNALys and the crystal structures of tRNAPhe, we have assigned
these subpopulations to the U (for ”unfolded”), E (for ”extended hairpin”), and C (for
”cloverleaf-based L-shape”) states. Switching events between the E and C states, with
Figure 1. Conformational changes of human mt tRNALys affected by methylation of adenosine 9 (square). (a)
Secondary structures of the proposed extended hairpin (E) and the cloverleaf-based L-shape (C) conformations.
(b) Mg2+ dependence of the fractional populations in the unfolded (U), E, and C states of Kwt and Km1A
tRNALys constructs. Results from fitting the data with the thermodynamic model are given as lines.
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rare brief sojourns to U states, were observed in FRET trajectories of individual molecules
immobilized on a glass surface. At 10-mM Mg2+ concentration, the kinetics of tRNALys
was described with a simple model involving two conformations, E and C, interconverting
on the 100-ms timescale6. To quantify the change of the U, E, and C conformations with
Mg2+ concentration, we performed a global fit of the 16 FRET histograms for each of the
constructs; in Fig. 1b, the fractional populations of the three states of Kwt and Km1A are
plotted. For both constructs, a pronounced drop of the U state population is observed at
∼0.5 mM Mg2+. It is accompanied by an increase of the C state population with increas-
ing Mg2+ concentration. The E state is much more populated at low concentrations in Kwt
than in Km1A. At high Mg2+ concentration (∼100 mM), the E and C state populations
decrease and increase with Mg2+, respectively.
3 Thermodynamic Model
Ion-induced stabilization of RNA can be modeled by decomposing the reaction into RNA
folding and ion binding, as proposed by Misra and Draper8. Based on this approach, we
have developed the six-state thermodynamic model depicted in Fig. 2a. In this model, there
are free energy differences between the Mg-free U0, E0, and C0 conformations, whereas
the strength of Mg2+ ion binding to the UMg , EMg , and CMg conformations governs the
equilibrium between the Mg-free and Mg-bound populations of the corresponding states.
Mathematical details of the thermodynamic model can be found in a recent publication6.
The lines in Fig. 1b represent the fit results of the fractional populations governed by the
equilibrium coefficients. The free energies of the Mg-free and Mg-bound (at 1 M) states
are depicted in Fig. 2b. The compaction of the conformations going from U0 to E0 and
from E0 to C0 increases the free energies of the Kwt construct. For the Km1A construct,
the methylated A9 introduces a positive charge, which influences base pairing9 and stabi-
lizes the E0 state significantly (∼10 kJ/mol). However, the stabilizing effect is drastically
reduced for the EMg of Km1A, possibly because of the competition between Mg2+ bind-
ing to the E state and favorable hydrogen bonding of m1A9 in the base pair m1A9-U64.
Figure 2. Mg2+-induced tRNALys folding reaction. (a) Thermodynamic scheme describing the equilibria be-
tween the Mg-free and Mg-bound forms of the U, E, and C states. (b) Free energy diagram of the populations
U0, E0, and C0 of Mg-free, and UMg , EMg , and CMg (at 1-M Mg2+) of Mg-bound Kwt and Km1A tRNALys.
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In the cloverleaf conformation, A9 is likely exposed to the solvent and, thus, the stabiliz-
ing effect is smaller (∼3 kJ/mol). Nevertheless, binding of Mg2+ ions remains practically
unaffected, making this functional conformation thermodynamically preferable at physio-
logically relevant ion concentration.
4 Concluding Remarks
Here we have shown that FRET experiments performed at the single molecule level provide
details about structural and dynamic aspects of RNA molecules. Equilibria and rate coeffi-
cients of conformational transitions can be studied by selectively changing environmental
parameters, as was shown in here by variation of the counterion concentration. Quantita-
tive information extracted from such measurement will be most interesting for comparison
with computational approaches aimed at simulating these transitions in the complex RNA
energy landscape.
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